Transported L-135Sicysteine was rapidly metabolized by cultured tobacco cells when supplied to the cells at 0.02 millimolar or 0.5 millimolar. The internal cysteine pool was expandable to approximately 2400 nmoles per gram fresh weight.
sulfur-containing amino acids has been reviewed recently by Wilson and Reuveny (29) . Cysteine or a close metabolite is thought to be an important regulatory compound in bacterial and fungal systems (2, 15, 16, 20, 27) . At least one enzyme involved in sulfate reduction (ATP-sulfurylase) in tobacco cells is thought to be subject to end product repression by cysteine or a close metabolite and derepression during growth on more slowly assimilated sulfur sources (22, 23) . In Lemna, adenosine 5'-phosphosulfate sulfotransferase activity is inhibited in vitro by cysteine, and sulfide pretreatment results in decreased extractable activity of this enzyme (3) . These observations caused these workers to conclude that the internal cysteine and/or sulfide pool regulate the sulfur assimilation pathway in Lemna (3) .
Cysteine inhibits sulfate transport into cultured tobacco cells (14) and potato tubers (19) . Smith (25) The maximum internal cysteine pool was similar when the cells were fed either sulfate or cysteine as a sulfur source. These results suggest that sulfate transport is regulated by the internal sulfate pool while the cysteine pool is regulated by degradative enzymes (25) .
Cysteine is actively transported into cultured cells (13) . Either L-or D-cysteine can serve as the sole sulfur source for tobacco cell cultures (14) and can support growth rates comparable to cultures grown on sulfate as the sole sulfur source (23) . The sulfur derived from cysteine can be oxidized to the level of sulfate in cultured tobacco cells (25) . Cysteine is also metabolized in potato tuber discs, but no determination of products has been made (19) . In Salmonella, cysteine is degraded by an inducible cysteine desulfhydrase, the products being pyruvate, NH4', and sulfide (4, 5, 16, 17) . Little information is available on cysteine degradation by higher plant material; however, Tishel and Mazelis (26) have described the degradation of cystine to pyruvate, S-sulfocysteine, and NH4' by preparations from cabbage.
The above-mentioned metabolism of cysteine and the possible importance of cysteine in the regulation of sulfur assimilation led us to investigate the distribution of3S label derived from cysteine under conditions where transport was more favorable. The results of an earlier 3S label distribution study (25) Amino acids were eluted from the column with 10 ml 3 M NH40H in 700o ethanol and treated essentially by the method of Giovanelli et aL (12) . The amino acid fractions were dried under an air stream at 30 C and then oxidized in performic acid for 1 h. The sample was again dried as above, redissolved in 5 ml H20, and applied to a similar Dowex 50-H+ column. The column was washed twice with 2 ml H20, and the acidic oxidation products (cysteic, homocysteic, and glutathione sulfonic acids) were obtained in the effluent. The column was eluted with 10 ml 3 M NH40H, to obtain the neutral oxidation products (methionine sulfone and cystathionine sulfone). Both column fractions were again dried as above and redissolved in 0.5 ml H20. The components of the fractions were separated by ascending TLC on Bakerflex sheets (Silica Gel lB) in methanol-pyridine-1.25 M HCI (37:4: 8; v/v/v). Sulfur-containing oxidation products were identified by co-chromatography with authentic compounds. The ninhydrinreactive spots were scraped into scintillation vials containing 1 ml H20 and 10 ml Handifluor. Radioactivities were determined by liquid scintillation counting with external standardization. Autoradiography of chromatograms failed to detect any radioactive spots other than those that were ninhydrin-positive.
The recovery of known quantities of radioactive cysteine by this method was approximately 60 to 70% efficient; the values reported here are not corrected for this factor. The experimental procedure produces an unknown sulfur-containing compound which was shown to be a by-product of cysteine oxidation. This compound may represent 30 to 40o of the total cysteine initially present and is included in the total of extractable labeled cysteine in Figure (18) with BSA as a standard. In parallel experiments the reaction was followed by monitoring both sulfide and pyruvate production. Sulfide was assayed by a method modified from Siegel (24) . The reactions were carried out in sealed tubes (1 x 4 cm) and terminated by the addition of1 ml 0.01 M N,N'-dimethyl-p-phenylenediamine in 3.6 M HCI immediately followed by 0.5 ml 0.02M FeCl2 in 0.2M HCI. The tubes were resealed and the blue color allowed to develop for 20 min in the dark; the A was determined at 670 nm. The diamine reagent was freshly made prior to each experiment. The H2S assay was linear from about 5 nmol/ml to at least 100 nmol/ml in this system. Pyruvate was measured by determining the A of the corresponding dinitrophenylhydrazone by a method modified from Friedemann and Haugen (9) . To a sealed reaction tube containing the reaction mixture, 0.5 ml of 0.01M HgCl2 in1 M HCI was added. After 5min the solution was reacted with 0.5 ml 1% 2,4-dinitrophenylhydrazine in 3M HCI for 15 min. Finally 0.5 ml 7.1M KOH was added to themixture and the color allowed to develop for 20 min at which time the A was determined at 520nm. In this system, linearity of the assay was similar to the results obtained for the sulfide assay.
All treatments prior to the harvest of cells were performed in a sterile enviroument using autoclaved media and equipment. All amnino acid solutions were added to culture flasks with a syringe fitted with a Millipore filter apparatus. Results presented here represent the mean of at least two separate experiments with replicated samples. Error is expressed as standard deviation.
RESULTS AND DISCUSSION
Cysteine Feeding Experiments. Cysteine is transported by a high affinity system at 0.02 mm and by a low affinity system at 0.5 mM (13) . The accumulation of labeled cysteine in this study was relatively linear with time (up to 24 h at 0.5 mm cysteine), which is consistent with previous observations of cysteine transport (13) . The level of labeled cysteine was about 2,400 nmol/g fresh weight after 24 h, and this level was maintained at 48 h (Fig. 1) (25) .
In another experiment, the internal cysteine pool was measured in cells which had been grown on sulfur-free B-5 for 4 days prior to harvest and incubation. In these cells at 0.5 mm cysteine incubation, the labeled cysteine pool was approximately 570 Analysis of cystathionine and homocysteine indicated that only traces of3S label were associated with these compounds regardless of the cysteine incubation. Homocysteic and cysteic acids were not completely separated in the TLC method described; however, descending paper chromatography (Whatman 3MM) with the above solvent resolved these compounds.
At 0.5 mm external cysteine, cellular pools of sulfate and glutathione accumulated RiS label for 24 h in amounts that were directly proportional to the increase in internal labeled cysteine (Fig. 1) . The amount of label appearing as sulfate was similar to the cysteine level at the 0.5 mm cysteine incubation. The label appearing as sulfate continued to increase even after the cysteine pool had reached a steady-state of 3S label flux (Fig. 1) . The incorporation of 3S label from cysteine into sulfate has been demonstrated in tobacco cells (25) , and cysteine is rapidly metabolized in potato (19) . The large amounts of labeled sulfate indicate that tobacco cells can metabolize cysteine by some degradation mechanism. The amount of labeled glutathione, although proportional to labeled cysteine, was much smaller than either cysteine or sulfate (Fig. 1) . Datko et aL (8) demonstrated that the sulfate pool in Lemna modulates with regard to the amount of sulfate provided in the growth medium while the S-containing amino acid pools stay relatively constant. Cysteine feeding has previously been demonstrated to increase the glutathione pool in tobacco (25) . The differences observed here in the levels of labeled sulfate and glutathione might be explained on the basis of differential rates of synthesis of these sulfur metabolites. Rennenburg et al. (1, 21) demonstrated that tobacco cells can exude glutathione into the growth medium; this prospect was not examined in this research.
In contrast to the results obtained for sulfate and glutathione the amount of 'S label present AIM2 and methionine was apparently not directly dependent on the internal level of labeled cysteine (Fig. 1) . The AIM was taken to be a crude indication of incorporation of 3S label into protein. At least two explanations for this apparent independent labeling may be advanced: (a) these metabolites receive 3'S label independent ofthe size ofthe internal labeled cysteine pool; (b) there are at least two communicating cysteine pools which receive labeled cysteine at different rates.
In Candida, amino acids are transported into an expandable 2 Abbreviation: AIM: alcohol-insoluble material.
pool but must pass into an internal pool before they can be utilized for protein synthesis (7) . In addition, interconversion of amino acids can occur only with amino acids derived from the internal pool (7) . In Chlorella, cysteine is apparently distributed in at least two pools (11) . The first is rapidly turning over cysteine and is the progenitor for glutathione, protein cysteine and very likely cystathione. Another pool designated as "slowly turning over" cysteine was not saturated with S label during the time course of the experiments (1 1) . When the cells were incubated in 0.02 mm cysteine, labeled cysteine was accumulated for about 8 h at which time a decline was observed in the labeled cysteine pool (Fig. 1) . This decline may be the result of continued metabolism from the pool and a significant decrease in contribution by cysteine transport due to lowering of the concentration of cysteine in the incubation medium. Analysis of the residual transport medium indicated that 50-60% of the [3SJcysteine in the initial medium was tranpsorted into the cells in an 8-h period (unpublished results). The results obtained from these experiments do not allow for clear definition of the total cysteine pool since steady-state conditions are apparently never reached.
The relatively large amount of labeled sulfate indicates that considerable metabolism of cysteine also occurs at the 0.02 mm cysteine incubation. The incorporation of 3S label into sulfate, AIM, and methionine appears to be conservative in that the levels ofthese compounds represent about 10%Yo oftheir respective labeled pool sizes at the 0.5 mm cysteine incubation (Fig. 1) . The amount of labeled glutathione was essentially fixed at a low level over the experimental period. Glutathione may represent a form of sulfur storage which is produced in significant amounts only when excess cysteine is available; however, this compound is not a "good" sulfur source for tobacco cells (23) .
Cysteine Catabolism in Vitro. During the course of the cysteine feeding experiments unexplained deficits in total 3S label were noted. The loss of 35S increased with incubation time. Experimental cultures which had been supplemented with L-cysteine occasionally had the odor of H2S. In view of the above evidence for cysteine catabolism, experiments were carried out to characterize the initial step in cysteine degradation.
The breakdown of cysteine by protein solutions prepared from acetone powders of tobacco cells produced pyruvate, H25, and presumably NH4'. Several criteria were used for the identification of the products. The carbon-containing product reacted with 2,4-dinitrophenylhydrazine to produce a brown-orange color. The hydrazone of the compound co-chromatographed with pyruvate dinitrophenylhydrazone using t-amyl alcohol-ethanol-H20 (5:1:4; v/v/v) as a solvent and Baker-flex Silica Gel lB sheets. The amount of this compound was unaffected by a precipitation step with the addition of acidic HgCl2 ruling out the possibility of mercaptopyruvate and cysteine-pyruvate thiazolidine as products. If the carbon-containing product were mercaptopyruvate, the apparent rate of the reaction would be similar with either L- [MS] or [14C]cysteine as the substrate. In parallel treatments where either L-[WS] or [14C]cysteine were substrates, the rates observed with 14C label were much higher than the 3S label rates (see Fig.  4 ). Precipitation of -SH compounds with HgCl2 prior to the column chromatography step did not cause any change in the amount of 14C label in the column effluent or pyruvate dinitrophenylhydrazone. Additional evidence for pyruvate production was obtained in experiments where pyruvate and a-ketoglutarate were added to reaction mixtures to serve as possible -NH3 acceptors. Again, in these tests, there were no differences from controls in pyruvate production indicating that the observed enzyme activity is not due to transamination.
The sulfur-containing product smelled ofH25, was acid-volatile, and produced a methylene blue color when reacted with N,N'-dimethylphenylenediamine and ferric chloride.
The results in Table I 
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pared from extracts of 12-day-old cell cultures. Pyruvate and H2S were produced in a 1:1 fashion. These rates are comparable to the rates obtained with 12-day-old cultures where "C label (pyruvate) was measured in the effluent of a Dowex 50-H+ column (see Fig.  4 ). These results (Table I) are consistent with freshly prepared cysteine desulfhydrase from Salmonella (4, 5, 17) . Storage of the Salmonella enzyme resulted in the formation of an altered enzyme which produced altered stoichiometry and products (4, 5) . The acetone powder prepared as described under "Materials and Methods" was stored at -15 C for 24 h with no detectable effects on either the rate or stoichiometry of the reaction. Subsequent results, unless otherwise specified, were determined by monitoring the ['4Cjpyruvate content of the Dowex 50-H+ effluent.
The production of pyruvate was linear with respect to time (up to 2 h) and amount ofprotein (to at least 2.5 mg protein). Although the reaction was catalyzed in a crude protein extract, the activity had a sharp pH optimum of 8 in 10 mm bicine buffer (Fig. 2) . This value is in agreement with the pH optimum for the cysteine desulfliydrase from Salmonella (17) .
Preliminary kinetic data indicate that the Km = 0.2 mm and Vm x= 30 nmol/mg protein-h as determined by Eadie-Hofstee plots (Fig. 3) . This value was determined in relatively crude protein preparations and the kinetics of the purified enzyme may prove to be much different.
Since the bacterial cysteine desulfliydrase is inhibited by H2S (5) and no degradative activity was obtained in this study from protein solutions prepared by (NH4)2SO4 methods, the effects of several nitrogen-and sulfur-containing compounds on the degradative activity were determined. The results indicated that only NH4Cl was slightly inhibitory and sulfide was not inhibitory at the concentration tested (Table II) .
Preincubation of cell cultures in 0.5 mm cysteine caused timedependent increases in the extractable degradative activity ( (Fig. 1) . The rates obtained from serinepreincubated material were similar to rates obtained from cultures which received no preincubation treatment, indicating that the increase in degradatory activity is specifically due to cysteine and not a general carbon-nitrogen effect.
The effect of culture age on the potential for cysteine catabolism was investigated. Cells from 10-day-old cultures were transferred and grown in fresh medium, given appropriate preincubation 24-h prior to harvest, harvested at indicated times, and the cysteine degradative activity determined. The results indicated that serine preincubation caused little or no induction of pyruvate production from cysteine (Fig. 5) . Alternatively, cysteine preincubations caused large increases in degradative activity when compared to the serine "controls." The increase in the potential to degrade cysteine roughly reflects the growth curve of the cells (Fig. 5) . The highest specific activities were obtained from cysteine-pretreated, late log phase cultures (Fig. 5) . The decline in degradative potential in 18-day-old cultures may represent activity in cells which have decreased ability to synthesize protein.
The results presented here are consistent with an inducible cysteine-degrading enzyme which is similar in kind to the cysteine desulfliydrase found in bacteria (4, 5, 17) . These observations do not exclude substrate activation as a possible explanation for the increases in degradative activity. Preliminary results from an experiment using cycloheximide and chloramphenicol indicate that the cycloheximide inhibits the increase in activity while chloramphenicol does not (unpublished results).
The function of this enzyme may be to provide N, S, or C to the cells when these elements are lacking. The greatest potential for degradative activity was observed in late log phase cultures where nutrients (especially S) are becoming limiting. Alternatively, the enzyme may act as a protective mechanism to moderate the sulfur amino acid pools. Recently, H2S has been shown to be given off by plants which have been treated with bisulfite or sulfate (28) . In this system, bisulfite might be metabolized to cysteine, circumventing all of the regulatory features of assimilatory sulfate reduction, the result of which could be an elevated cysteine pool. The excess cysteine would be degraded and the excess sulfur given off as H2S. The production of H2S with sulfate and high light intensities may represent a sink for excess reducing power.
Future experiments will better determine the relationship between transported cysteine and the sulfur-containing metabolites (especially H2S) in uniformly labeled cultures. Other studies will attempt to characterize the enzyme(s) and regulatory features involved in cysteine degradation, and address the nature of the cysteine to sulfate pathway.
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